ABSTRACT
INTRODUCTION
Iron carbonate layers that form on mild steel in carbon dioxide (CO 2 ) environments are important in the oil and gas production and transportation industries.
1-5 CO 2 gas dissolves in water to form carbonic acid (H 2 CO 3 ):
which can lead to serious corrosion of mild steel. The anodic reaction on the steel surface in CO 2 corrosion is:
The most likely cathodic reactions in CO 2 
In pure CO 2 corrosion, when the concentrations of Fe 2+ and CO 3 2-ions exceed the solubility limit, solid iron carbonate precipitates. [6] [7] [8] Fe CO FeCO s 2 3 2 3
Iron carbonate layer formation is one of the most important factors governing the rate of steel corrosion in CO 2 environments. The iron carbonate layer can slow down the corrosion process by presenting a diffusion barrier for the species involved in the corrosion process and by covering up a portion of the steel surface and impeding the underlying steel from further dissolution. Iron carbonate layer growth depends primarily on the kinetics of the precipitation reaction. Precipitation of iron carbonate is a form of heterogeneous crystallization from an aqueous solution. Crystallization, just like any other phase change process, generally can be divided into two distinct phases: nucleation and crystal growth, with two distinct kinetics. It has been shown that nucleation is primarily important in homogenous crystallization processes, while in the cases of heterogeneous crystallization, such as precipitation, the overall process kinetics is dominated by crystal growth. 9 Semi-empirical crystal growth rate expressions have been used frequently to calculate the precipitation rate (PR), particularly for engineering applications:
where k r is the kinetic constant, A/V is the surface area-to-volume ratio, σ is the driving force, and r is the reaction order. The driving force for crystal growth is usually described in terms of supersaturation (SS), which is defi ned as the ratio of species concentration product and the solubility product, K sp : 
Johnson and Tomson 10 used the semi-empirical Equation (6) to develop an iron carbonate precipitation equation. Considering that there was no consensus concerning which was the best form of the expression for the driving force σ, Johnson and Tomson 10 fi tted several different empirical equations, (8) through (10) , with their experimental data (obtained by using a temperature ramp method) to obtain an iron carbonate precipitation equation. 
Johnson and Tomson 10 found that Equation (8) appeared to fi t the experimental data best and, hence, proposed a well-known iron carbonate precipitation rate equation in the form:
Equation (11) given by Johnson and Tomson 10 was calibrated with the experimental results at the very low levels of supersaturation. According to van Hunnik, et al., 13 this equation overestimated the PR, particularly at large supersaturations. Based on their own experiments, the latter group proposed an apparently more accurate expression:
In both cases, the rate of PR is a function of iron carbonate SS, the solubility product, K sp , temperature (via the kinetic constant k r which obeys Arrhenius law), and surface area-to-volume ratio, A/V. It should be stressed here that the measurements of iron carbonate precipitation kinetics in pure CO 2 corrosion conducted by Johnson and Tomson 10 and van Hunnik, et al., 13 were done using the traditional (indirect) technique-dissolved ferrous ion concentration change measurement. This technique is based on measuring the decrease of ferrous ion concentration in the bulk of the solution and is referred to as the "Fe 2+ method" in the text below. Johnson and Tomson 10 used FeCO 3 seed crystals as a substrate, while van Hunnik, et al., 13 used a steel pipe surface. Furthermore, in the case of van Hunnik, et al., 13 it was implicitly assumed that the entire amount of Fe 2+ "lost" in the solution ends up as deposited iron carbonate layer on the steel surface and that the deposition rate of iron carbonate on the steel surface is equal to the precipitation rate of iron carbonate calculated from the ferrous ion decrease in the bulk of the solution. However, it is noted here that iron carbonate not only deposits on the steel surface, but also precipitates elsewhere in the test system. 14 Therefore, the implicit assumption of van Hunnik, et al., 13 is bound to lead to an experimental overestimation of the deposition rate of iron carbonate on the steel surface.
In this paper, the amount of iron carbonate that formed on the corroding steel surface was measured directly by the corrosion layer weight-change method. Hereafter, this rate is termed corrosion layer accumulation rate (CLAR) to distinguish it from the homogenous PR, which was measured using the Fe 2+ method, 10 and to keep a consistent terminology with the following papers dealing with H 2 S and iron sulfi de layers.
OBJECTIVES
Based on the discussion above, the objectives of the present research on kinetics of iron carbonate
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layer formation in pure CO 2 corrosion were set as follows:
-Use the direct technique of the corrosion layer weight-change method to investigate the iron carbonate CLAR. -Verify Expressions (11) and (12) from the literature using independently generated data. -If needed, develop a more accurate equation to predict the iron carbonate CLAR for CO 2 corrosion.
EXPERIMENTAL PROCEDURES
The present measurements were conducted in a glass cell as shown in Figure 1 . The experiments were performed in a stagnant solution with 1 bar total pressure and the temperature varied from 60°C to 90°C in different experiments. Initially, the glass cell was fi lled with 2 L of deionized water and 1 wt% sodium chloride (NaCl), which was heated and purged with CO 2 gas. After the solution was deoxygenated, the pH was increased to the desired pH 6.6 by adding a deoxygenated sodium bicarbonate (NaHCO 3 ) solution. Subsequently, the required amount of Fe 2+ was added in the form of a deoxygenated ferrous chloride (FeCl 2 ·4H 2 O) solution. In various experiments, supersaturation of iron carbonate in the solution was varied from 10 to 300 to investigate how it infl uenced the iron carbonate corrosion layer accumulation rate on the steel surface. Then, the steel specimens were inserted into the solution as a substrate for depositing the iron carbonate layer. Prior to immersion, the specimen surface was polished with 240-, 400-, and 600-grit silicon carbide (SiC) paper in succession, rinsed with alcohol, and degreased with acetone (CH 3 COCH 3 ) using an ultrasonic cleaner. The chemical composition of the X65 mild steel used in most of the experiments is shown in Table 1 .
Both the iron carbonate CLAR and the corrosion rate (CR) of the steel were measured using the weightchange method. Time-averaged CLAR was obtained by subtracting the weight of the coupon, which had an iron carbonate layer, and that after the layer was removed using Clarke's solution. The integral CLAR was calculated as a time-averaged weight gain over the whole duration of the exposure. The differential CLAR was calculated as a time average just over the duration of the short period between two measurement points. Time-averaged CR was calculated by subtracting the weight of the coupon prior to running the experiments and that obtained after removing the iron carbonate layer. The dissolved ferrous ion concentration measurements were also used to obtain the overall iron carbonate PR. A spectrophotometer was used to measure ferrous ion concentration in the solution. The specimens with an iron carbonate layer in place were analyzed using scanning electron microscopy (SEM).
RESULTS AND DISCUSSION

Verifi cation Experiments
Three sets of experiments were conducted to test the iron carbonate layer PR Expressions (11) and (12), using X65 mild steel substrates at pH 6.6, 80°C, and an initial Fe 2+ concentration of 50 ppm (which then drifted down as precipitation occurred). The fi rst set of experiments was conducted using one specimen with a surface area of 5.4 cm 2 . The second set of experiments was conducted using 30 specimens, each having a surface area of 2 cm 2 (total of 60 cm 2 ). During these experiments, six specimens were taken out of the solution every two and a half hours. In the third set of experiments, twelve specimens, each having a surface area of 21 cm 2 (total of 252 cm 2 ), were inserted into the solution, and three specimens were taken out every two and a half hours. As mentioned in the Introduction, both Johnson and Tomson 10 and van Hunnik, et al., 13 determined experimentally the PR of iron carbonate by an indirect technique-the Fe 2+ method. In the present experiments, the same was done-ferrous ion concentration was measured at different times. The results show that in all the experiments the change of ferrous ion concentration in the solution with time (i.e., the PR) was similar, irrespective of the very different surface areas of the steel substrates used in different experiments ( Figure 2 ). This appears to be inconsistent with the expression of van Hunnik, et al., 13 Equation (12), where the PR should depend on the ratio of the steel surface area and solution volume (A/V). It is impossible to directly compare these results with Johnson and Tomson's 10 Expression (11) because they used iron carbonate seed crystals for the substrate, and the steel surface A/V ratio used here is not comparable.
FIGURE 1. Schematic of the experimental test cell: (A) bubbler, (B) temperature probe, (C) rubber cork with nylon cord, (D) steel substrate, (E) hot plate, (F) condenser, (G) pH probe, and (H) glass cell.
When the PR calculated by the Fe 2+ method were compared to the CLAR obtained using the direct weight-change method, it became clear where the problem lies. The results shown in Figure 3 illustrate that the CLAR does indeed depend on the A/V ratio, as expected, and using the Fe 2+ method to determine it can lead to errors. However, when substrates with a large surface area of 252 cm 2 (large A/V) were used, the CLAR obtained by using the weight-change method were very similar to the PR measured by the Fe 2+ method. With the decrease of the surface area of the substrate, the CLAR decreases while the layer PR does not, as previously noted. A simple mass balance for Fe 2+ shows that in the experiments with the small substrates (small A/V) most of the precipitated iron carbonate does not end up on the steel surface, and therefore, the key assumption implicit for the Fe 2+ method used in one of the previous studies 13 fails. For large A/V, most of the iron carbonate crystals do deposit on the steel substrate and the assumption holds; hence, the Fe 2+ method is valid (this was probably also the case in the study of Johnson and Tomson's 10 where they seeded the precipitation with iron carbonate crystals with a very large surface area). On the other hand, the weight-change method, while being much more tedious, offers a more realistic estimate of the CLAR under all conditions. All results obtained for various A/V ratios fall within the expected error margins, as shown by the error bars in Figure  3 . From the same fi gure it should be noted that the discrepancy between the two methods is smaller for smaller supersaturations.
It was diffi cult to reproduce directly the original experiments of Johnson and Tomson 10 and van Hunnik, et al., 13 since insuffi cient details are reported in the original publications. However, it was possible to directly compare the PR predictions made by Expression (12), which was derived from the original data of van Hunnik, et al., 13 to the present measurements of the CLAR. Not surprisingly, large discrepancies were found. Figure 4 shows that the more appropriate experimental data obtained using the weight-change method are up to two orders of magnitude lower when compared to the calculated results using the van van Hunnik, et al. 13 ) at supersaturations ranging from 12 to 250, T = 80°C, and stagnant solution.
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Hunnik, et al., 13 Expression (12). However, the agreement "improves" when one compares the same predictions with the present PR data obtained using the Fe 2+ method for small A/V ratios, which we now know are problematic. Therefore, it is concluded that the PR Expression (12) overestimates the actual CLAR by a large margin because the experimental data used to derive Equation (12) were based on the Fe 2+ method, in which one of the key assumptions does not hold.
Kinetics Experiments
"Free Drift" Experiments -Kinetics experiments were conducted in a stagnant solution using X65 mild steel as the substrate. In the fi rst series of experiments, an initial Fe 2+ of 50 ppm decreased as the reaction proceeded, a pH of 6.6 was maintained, and a range of temperatures was used, which varied from 60°C to 90°C in different experiments. Figure 5 shows the change of ferrous ion concentration in the solution at different temperatures. The ferrous ion concentration in the solution at 60°C increased initially because of the corrosion of mild steel, which overpowered the sluggish precipitation process, and then decreased gradually with temperature as the CR decreased. When the temperature increased to 70°C, 80°C, and 90°C, the ferrous ion concentration decreased steadily in all cases, since the precipitation process "overpowered" corrosion. Based on the rate of change of ferrous ion concentration, it can be seen that in general the PR increased with the increase of temperature.
The CLAR and the CR obtained by the weightchange method as a function of time and supersaturation of iron carbonate at the temperature of 60°C are shown in Figure 6 . Both the CLAR and the CR were described in the same molar unit of mol/h-m 2 to understand how much iron carbonate layer formed compared to how much iron was lost due to corrosion. The error bars represent the maximum and minimum measured rates. The CLAR at the temperature of 60°C increased with the increase of reaction time during the fi rst fi ve hours and then became stable between 5 h and 7.5 h. From 7.5 h to 10 h, the CLAR decreased because of the signifi cant decrease of supersaturation in the bulk of the solution. Comparing the CLAR with the CR in the same units (mol/h-m 2 ), it is found that the CLAR is slightly lower than the CR; however, they are of similar magnitude. This suggests that the CR may have a signifi cant effect on the CLAR of iron carbonate. This is sensible because, in general, the source of an Fe 2+ -forming iron carbonate layer includes both Fe 2+ released from the steel surface (more typical in the fi eld) and Fe 2+ provided by the bulk of the solution (more typical for an "accelerated" lab experiment). It should be noted that the magnitude of the CR of mild steel in these test conditions is below 1 mm/y, as illustrated in Figure 6 . A similar trend in the experimental results was obtained in the experiments at the temperature of 70°C (Figure 7) . The CLAR increased with the increase of reaction time and then decreased after 7.5 h. At 80°C, the CLAR decreased steadily with time because of the decrease of the supersaturation in the bulk of the solution and, what is probably more signifi cant in this case, because of a rapidly decreasing CR (Figure 8 ). Since an iron carbonate layer forms faster at higher temperature and is more protective, the CR decreases more with the increase of temperature. Comparing the CLAR with the CR in the same molar units, the CLAR is higher than the CR at any point in time in these experiments. Therefore, at 80°C, the bulk solution is a more signifi cant source of ferrous ions forming iron carbonate layer, which was not the case at lower temperature. Similar trends were obtained at 90°C (Figure 9) . The morphology and cross section of an iron carbonate layer at different temperatures (70°C and 80°C) as a function of time are shown in Figures 10  and 11 . Clearly, in all cases, the iron carbonate layer becames denser and therefore more protective over time. By comparing the appearance of the iron carbonate layer for various temperatures, it was found that the surface coverage by the iron carbonate layer increased with the increase of temperature due to a higher precipitation rate.
Experiments at a Controlled Supersaturation of Iron Carbonate -A series of more complicated experiments was conducted with X65 mild steel in a stagnant solution at pH 6.6 and temperatures of 60°C, 70°C, and 80°C. The supersaturation was maintained approximately constant by adjusting the Fe 2+ concentrations to 50 ppm and 10 ppm in different experiments. This was achieved by continuously dosing a deoxygenated ferrous chloride solution to the glass cell to compensate for the Fe 2+ ions lost by precipitation. Figure 12 illustrates that under these conditions both the CLAR and the CR of mild steel at 80°C were reasonably stable over time while the supersaturation was kept at approximately 200. Figure 13 shows both the CLAR and CR (at T = 80°C) vs time for an experiment where Fe 2+ was 10 ppm and supersaturation was 100. The results show that the CLAR in the fi rst 12 h is slightly lower than the CLAR in the second 12 h. The fi nal CR decreased to very low values, which proved that the protective iron carbonate layer formed on the steel surface after 24 h. A comparison of the CLAR at various temperatures of 60°C, 70°C, and 80°C, and constant supersaturation, is shown in Figure 14 . With the increase in temperature, the CLAR of the iron carbonate layer increased. Overall, this series of experiments was consistent with the previous series where supersaturation changed in the course of the experiment, and has proven that by controlling the key parameters, stable and reproducible results for the kinetics of iron carbonate layer formation can be obtained.
Experiments Using Stainless Steel as the Substrate -Based on the experimental results above, it was found that the CLAR, when it comes to the iron carbonate layer, is strongly affected by the CR of the steel, particularly at low supersaturation and lower temperatures. Therefore, several experiments were conducted at different supersaturations using stainless steel as the substrate, considering that stainless steel corrodes negligibly in a CO 2 environment and practically does not generate Fe 2+ ions. At a supersaturation of 60 with all other conditions being similar to the previous experiments conducted with mild steel, the morphology of the stainless steel specimen surface presented in Figure  15 shows that there was almost no growth of the iron carbonate layer, while a very dense layer formed on the mild steel. An iron carbonate layer formed on mild steel because corrosion lead to a release of Fe 2+ ions and a much higher supersaturation at the steel surface compared to the bulk solution. When the supersaturation was increased to 300, more iron carbonate crystals formed on mild steel than on stainless 
FIGURE 10. The top view (left) and cross section (right) of the iron carbonate layer after (a) 2.5 h, (b) 5 h, (c) 7.5 h, and (d)
and is shown in Figure 17 for various experiments.
The scaling tendency at the temperature of 60°C and 70°C varies from 0.5 to 1.5. With the temperature increasing to 80°C and 90°C, the scaling tendency increases above 1.5, suggesting more rapid scaling and more effective protectiveness at higher temperature. These simple calculations show that at the highest temperature (T = 90°C), most of the ferrous ions forming the iron carbonate layer come from the bulk of the solution, while at lower temperature, they mainly come from Fe 2+ released from the steel surface by corrosion.
Assuming homogenous iron carbonate layer porosity (ε) across the whole thickness of the layer, it can be calculated using the following Equation ( 
where δ SEM is the thickness of the layer estimated from SEM images of the specimen cross section in m, δ FeCO 3(s) is the hypothetical thickness of the layer calculated from the weight loss assuming zero porosity in m, m FeCO 3(s) is the mass of iron carbonate obtained by weight loss in kg, ρ FeCO 3(s) = 3,900 kg/m 3 is the density of iron carbonate, and A is the specimen surface area in m 2 . Both the thickness obtained by SEM and the porosity of the layer calculated by Equation (14) at different temperatures and reaction times are shown in Table 2 . The results show that the average porosity slightly decreases with the increase of the reaction time. It has also been found that although the iron carbonate layer is protective under the test conditions, the average porosity of iron carbonate is above 50% in all cases. 6.6, for different temperatures (60°C, 70°C, and 80°C), and stagnant solution. steel, as shown in Figure 16 . These experiments have confi rmed that the source of ferrous ions forming the iron carbonate layer includes those released from the steel surface as well as those coming from the bulk of the solution. Therefore, the iron carbonate CLAR is directly related to the bulk water chemistry as well as the CR.
Scaling Tendency and Porosity of the LayerBoth the concepts of scaling tendency and porosity are used below to further elucidate iron carbonate layer formation kinetics in pure CO 2 corrosion. The scaling tendency is defi ned as follows:
where CLAR is the corrosion layer accumulation rate of iron carbonate and CR is the corrosion rate of the steel. The scaling tendency was calculated by using the same molar units (mol/h-m 2 ) for CLAR and the CR
A New Iron Carbonate Corrosion Layer Accumulation Rate Equation
As noted above, semi-empirical PR expressions have been proposed in the past by Johnson and Tomson 10 and van Hunnik, et al. 13 In the case of CO 2 corrosion/precipitation involving mild steel surfaces, it is inappropriate to use directly the Johnson and Tomson 10 Equation (11) because of the A/V ratio, which does not apply. When it comes to the Expression (12) of van Hunnik, et al., 13 it has been proven above that the indirect dissolved ferrous ion concentration method, which they used to develop their PR expression, may lead to an error in calculating the amount of iron carbonate deposited on the steel surface (CLAR). Hence, a more accurate CLAR expression was developed in this study by using the experimental data obtained by the direct weight-change method.
The new experimental data were used in an attempt to try and fi t several different forms of the empirical expressions, 16 including some of the forms that were tried by Johnson and Tomson, 10 Equations (8) through (10), as well as the form proposed by van Hunnik, et al., 13 Equation (12) . However, in the end, it was found that a simpler and theoretically more appropriate equation fi ts the experimental data best. Therefore, Equation (15) 
The ionic strength is defi ned as: 
where c i is the concentration of different species in the aqueous solutions in mol/L and z i is the species charge.
The kinetic constant, k r , was derived from the experimental results as a function of temperature, using Arrhenius's equation:
with the following constants: A = 21.3 and B = 64851.4 J/mol. The resulting agreement with the experimental results is shown in Figure 18 . These kinetic constants are recalculated into the same units as those used by Johnson and Tomson 10 and van Hunnik, et al., 13 and compared in Table 3 . As another form of comparison, the three different equations were used to calculate the experimentally observed CLAR, and the results are summarized in Figure 19 . (1) As expected, with the increase of supersaturation, all expressions show increased CLAR. However, the calculated values using Johnson and Tomson 10 and van Hunnik, et al., 13 overpredict the magnitude of CLAR by a large margin (factor of 10 to 100). More experimental data at different temperatures and supersaturations were compared with the predictions made by the three equations, with similar conclusions (Figure 20) .
CONCLUSIONS
❖ The previously used kinetics expressions overestimate the CLAR of iron carbonate on the steel surface by a large margin. The source of the error in usage of these expressions is traced to the erroneous assumption about the equality of a PR and a CLAR. The (1) Even if Johnson and Tomson's 10 equation was not suggested by the authors as a means for calculating the iron carbonate layer accumulation rate in CO 2 corrosion, it was used frequently for this purpose. Therefore, this was done here as well for illustration purposes and the same A/V ratio was used as in the other two expressions. Johnson and Tomson 10 expression, which is based on homogenous precipitation experiments with no steel substrate, should not be used directly in CO 2 corrosion/precipitation scenarios. The van Hunnik, et al., 13 expression can be used; however, it overpredicts the PR particularly at high surface area-to-solution volume ratios. ❖ The source of ferrous ions forming an iron carbonate layer on mild steel includes those released from the steel surface by corrosion as well as those coming from the bulk of the solution. At low supersaturations (typical for the fi eld), the corrosion layer accumulation rate of the iron carbonate layer is strongly affected by the corrosion rate of the steel. At high supersaturations (more typical for accelerated laboratory experiments), the corrosion rate has less of an effect on the CLAR of iron carbonate. ❖ A new, simpler, more theoretically correct, and ultimately more accurate iron carbonate CLAR expression was developed and verifi ed. Like previously used expressions, the CLAR of iron carbonate depends on the supersaturation level and temperature as well as on the steel surface-to-solution volume ratio. 
FIGURE 17. Comparison of scaling tendency (ST) in pure CO
